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Abstract—Partial demagnetization is a condition that may occur 
in Permanent Magnet machines due to overloading or thermal 
stress. When this happens, the magnetic field locally weakens 
leading to an asymmetry of the air-gap field. This asymmetry will 
cause harmonics, which will be expressed as extra losses and 
mechanical oscillations. Moreover, since the field becomes weaker, 
more current is required to serve the load leading to less efficiency, 
increased losses and consequently increase of the temperature, 
which will cause further progression of the demagnetization 
severity until a total machine breakdown. Several methods have 
been proposed in the literature for the online detection of the 
demagnetization, however they have not related the fault to the 
manufacturing characteristics of the machine, which play an 
important role on the expected harmonic index and the associated 
fault signatures. This paper presents for the first time a detailed 
analytical investigation of the expected harmonics in the stator 
current spectrum in case of demagnetization, as a function of the 
stator winding and number of poles. The analytical results are 
verified by extensive simulations via the finite element method and 
experimental testing.  
 
Index Terms—Condition monitoring, Demagnetization, Fault 
diagnosis, Permanent Magnet machines 
 
NOMENCLATURE 
b, c, d, l, r, q, 𝛿, , 𝜆, 𝜆′: integer numbers 
𝑎𝑘: the sum between 𝑎 and 𝛽 
𝛽𝑘: equal to 0.5 𝛾(𝐷) 
𝐵: magnetic flux density 
𝐵𝐴𝐺 : magnetic flux density in the air-gap 
𝐷: demagnetization severity 
ℱ𝑚: the Magneto-Motive Force (MMF) 
𝐹𝑃𝑀: the MMF amplitude 
𝑓3𝑝ℎ_𝑛𝑢𝑙𝑙: voltage summation of phases under demagnetization 
𝑓𝑑𝑚𝑔: frequency locations of demagnetization harmonics 
𝑓𝑠: synchronous frequency 
𝑔: air-gap length 
ℎ𝑃𝑀: permanent-magnet height 
𝑘: pulse wave series index 
𝑁: turn number of an armature coil 
𝑛: harmonic order 
 
All authors are with the School of Engineering and the Institute  for Energy 
Systems, The University of Edinburgh, Edinburgh, EH9 3FB, UK (e-mail: 
k.n.gyftakis@ieee.org).  
𝑝: pole pair number 
p’: electrical angle factor or the number of coils 
𝑡: time 
𝑡𝑤: winding thickness 
𝑉𝑑𝑚𝑔: voltage in the stator coils due to the demagnetization 
𝑉𝑛 , 𝑉𝑛𝑙 , 𝑉𝑘𝑙: voltage amplitudes 
𝑉𝑛𝑘: voltage of n
th harmonic in the kth term 
𝑉2𝑐_𝑑𝑚𝑔: voltage summation between two coils 
𝑉3𝑐_𝑑𝑚𝑔: voltage demagnetization signatures due to three 
phases and multiple phase coils 
𝑉3𝑝ℎ_𝑑𝑚𝑔_1𝑐: voltage demagnetization signatures due to three 
phases and 1 coil/phase 
𝑉3𝑝ℎ_𝑑𝑚𝑔: voltage summation of phases under demagnetization 
𝛼: constant related to the design parameters 
𝛽: constant related to the design parameters and 
demagnetization 
𝛾: constant related to design parameters and demagnetization 
ℰ: the Electromotive Force (EMF) 
𝜃: space angle 
Λ: air-gap permeance 
Λ𝑑𝑚𝑔: relative permeance function under demagnetization 
𝜇𝜊: permeability of free space 
Φ: the magnetic flux  
𝜑𝑛: the phase angle of the n
th harmonic component 
𝜔𝑟: the rotor radial frequency 
𝜔𝑠: the synchronous radial frequency 
I. INTRODUCTION 
ERMANENT-MAGNET machines have many advantages 
over the conventional brushed synchronous machines, such 
as higher efficiency, torque density, better dynamic 
performance, simplest design structure, and lower maintenance 
demands [1], [2]. However, due to high instant armature 
reaction fields, operational temperatures, oxidation, and 
corrosion of materials, the operational point on the magnetic 
characteristic shifts under the knee point [3] causing 
demagnetization. Moreover, demagnetized motors demand 
higher stator current in order to produce the same torque, which 
leads to faster degradation of the stator insulation [4], [5]. 
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harmonic magnitude of components, leading to vibration and 
acoustic noise radiated from the machine [6] and alters the 
attraction between rotor-stator and changing machines’ shaft 
trajectory [7]. Various diagnostic methods have been 
developed for the detection of demagnetization based on the 
frequency signature analysis of machines’ [8]–[13] capable not 
only detecting it but also distinguishing it from eccentricity 
[14]–[19]. This difficulty appears because the two faults induce 
on the stator windings harmonic signatures with the same order. 
Nevertheless, frequency signature analysis is influenced 
severely by the winding configuration [20], and the slot number 
as these harmonics are influenced by the harmonics, which are 
generated by the slotting effect [18]. Under healthy conditions, 
the spatial distribution of the coil/pole slot combination 
significantly affects the harmonic content of voltage through 
the winding factor [21], in machines with and without armature 
core. Specifically, in machines with parallel path windings 
under fault conditions the magnetic field along the air-gap 
circumference ceases to be symmetric, as a result circulating 
currents on the branches of a phase generate, distorting the 
current waveform [22] and influencing the unbalanced 
magnetic pull [23]. Therefore, the amplitudes of the fault 
signatures are much dependent on the design parameters of the 
machine, rendering the diagnostic process unreliable. 
Those mentioned above also gave a motive for the 
development of techniques based on the extraction and process 
of signals obtained by commercial flux sensors, [24]–[28] or 
using a number of search coils having proper span along stator’s 
circumference [18], [29]–[33]. Utilizing properly positioned 
coils has the advantage of exploiting the magnetic flux in 
specific points on machines’ air-gap and taken advantage of the 
impact of the fault. 
Other techniques are based on signal injection at a standstill 
as a PM motor when it does not produce torque; the q-axis 
current is zero making it possible to estimate the d-axis current 
so the d-axis inductance [34]. Inductance varies due to the 
saturation degree depending on the fault severity and the 
separation of demagnetization with eccentricity [27]. 
Furthermore, an online demagnetization state scheme proposed 
in [35]. 
Modeling techniques [36], [37] have also been proposed for 
demagnetization and other faults which make it capable of 
estimating the demagnetization severity locally on the magnet 
[38] or for various magnet topologies in both radial-axial flux 
machines [39]. 
Under nonstationary speed, the captured signals cease to be 
periodic, other signal processing algorithms have been 
proposed for condition monitoring. STFT [40] has a steady 
window length, so fast transients cannot be analyzed with high 
resolution and can be combined using Neuro-Fuzzy approach 
[41]. Therefore, for signals with rapid alterations, Continuous 
and Discrete Wavelet Transforms (CWT, DWT) are more 
appropriate as the window length is variable [42][43]. Other 
time-frequency distributions methods based on the quadratic 
time-frequency distribution [44], Hilbert-Huang transform, 
which are capable of analyzing the signal from a time-
frequency-energy aspect. Moreover, the demagnetization fault 
can also be identified using features extracted by CWT and 
analyzed by the box-counting method and a threshold [45]. 
There is a significant number of papers that suggest that the 
location of the demagnetization signatures in the stator current 
exist at frequencies 𝑓𝑠 ± 𝑘
𝑓𝑠
𝑝
. This paper will prove that this 
simplified formula can be misleading, because it assumes that 
all multiples of the mechanical frequency are produced in case 
of demagnetization. More specifically, this work correlates the 
cancelation of the harmonic signatures with the coil-winding 
connection when using the stator current monitoring method 
based on the signature analysis via the frequency domain. This 
method is one of the most applicable methods in industrial 
environments due to its non-intrusiveness, low cost, simplicity 
and the ability to be applied on-line. This paper is structured as 
follows. Section II presents the analytical calculation of the 
voltage in an armature coil due to demagnetization. Section III 
investigates the cancelation of harmonic signatures analytically 
due to the spatial distribution of even numbered phase coils. 
Furthermore, the influence of the three phases connection is 
also revealed. Section IV follows demonstrating the expected 
demagnetization signatures in machines with odd numbers of 
poles and specifically multiple of three. The analytical 
calculations of all sections are verified and validated in Section 
V by means of Finite-Element Analysis (FEA) and some 
experimental testing. Three machines are examined, whereas 
their geometrical and operating characteristics are very 
different, thus offering a good level of generalization for this 
works novel findings. The simulations have been carried out 
with a commercial software (MagNet). All examined machines 
are operating as generators under fixed speed, feeding an 
isolated symmetrical ohmic load. The analysis is transient, 
while the machines are at steady state and the time step is 0.1 
ms. All FEA models of the healthy machines have been verified 
with experimental results of the real ones. Moreover, one of the 
machines’ simulation results are verified experimentally. 
Finally, the generalized conclusions are summarized. 
II. MAGNETIC FLUX DENSITY DUE TO THE DEMAGNETIZATION 
The first step is to establish the magnetic flux density in the 
air-gap of the PM machine. To calculate that, two components 
are required: the air-gap permeance and the Magneto-Motive 
Force (MMF). When those are known then the air-gap flux 
density is calculated as their product: 
 
𝐵𝐴𝐺 = Λ ∙ ℱ𝑚                                                                                   (1) 
   
The MMF as a function of space and time is: 
 
ℱ𝑚(𝜃, 𝑡) = ∑ 𝐹𝑃𝑀 cos(𝑛𝑝𝜃 − 𝑛𝜔𝑠𝑡 − 𝜑𝑛)
∞
𝑛=2𝑚+1
                   (2) 
 
Furthermore, the permeance function is given as follows if 
the demagnetization of a single magnet is considered as a pulse 
rotating with the rotor speed: 
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Λ𝑑𝑚𝑔(𝜃, 𝑡) = 𝛼 + 𝛽(𝐷) + 𝛾(𝐷) ∑ cos(𝑘𝜃 − 𝑘𝜔𝑟𝑡)
∞
𝑘=1
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The resulting magnetic flux density due to demagnetization 
is given after substitution of (2) and (3) into (1) as follows: 
 




𝛽𝑘 ∑ ∑ 𝐹𝑃𝑀𝐴𝑘 {cos [(𝑛𝑝 − 𝑘)𝜃 − (𝑛 −
𝑘
𝑝






+cos [(𝑛𝑝 + 𝑘)𝜃 − (𝑛 +
𝑘
𝑝




 𝑎𝑘 = 𝑎 +  𝛽(𝐷) 
       





Moreover, the magnetic flux is given by: 
 
Φ = ∯?⃗? 𝑑𝑆⃗⃗⃗⃗                                                                                     (5) 
 
and due to the change of the magnetic flux, voltage will be 





                                                                                    (6) 
 
Considering (4), (5) and (6) together, the induced voltage in 
the stator coils due to the demagnetization is as follows: 
 




∑ ∑ 𝑉𝑛𝑘 {cos [(𝑛𝑝 − 𝑘)𝜃 − (𝑛 −
𝑘
𝑝






cos [(𝑛𝑝 + 𝑘)𝜃 − (𝑛 +
𝑘
𝑝
)𝜔𝑠𝑡 − 𝜑𝑛]}                                 (7) 
III. IMPACT OF DEMAGNETIZATION ON MACHINES WITH  
 PAIRS OF COILS AT 180 DEGREES 
A. Harmonics Cancellation within a Single Phase 
It was shown earlier that the demagnetization will induce 
voltage harmonics in a single stator coil, according to equation 
(7). This means that sidebands of frequencies integer multiples 
of the mechanical frequency are expected around the 
fundamental voltage harmonic in every coil. In this section, the 
expected harmonics of a single phase will be revealed, as a 
function of the number of phase coils and poles number. 
Moreover, the case of two coils of the same phase is considered. 
The coils are placed with 180 degrees spatial phase difference 
to one another. The left sidebands of (7) will be examined first, 
as described by the term: 
  
∑ ∑ 𝑉𝑛𝑘 cos [(𝑛𝑝 − 𝑘)𝜃 − (𝑛 −
𝑘
𝑝





       (8) 
 
Furthermore, the number of magnetic pole pairs plays a 
crucial role on the analysis and will be explained in detail. More 
specifically, when 𝑝 is even, the two opposing coils will get the 
same EMF and so the total voltage due to demagnetization will 
be: 
𝑉2𝑐_𝑑𝑚𝑔 = ∑ ∑ 𝑉𝑛𝑘 cos [− (𝑛 −
𝑘
𝑝






∑ ∑ 𝑉𝑛𝑘 cos [(𝑛𝑝 − 𝑘)𝜋 − (𝑛 −
𝑘
𝑝





        (9) 
 
When 𝑝 is odd, then the opposing coil pairs should be wound 
with opposite directions so that the produced EMFs do not 
cancel out. Therefore, for this case the two voltage components 
of equation (9) are subtracted and not added.   
Now, if 𝑝 is even the product 𝑛𝑝 is always even because 𝑛 is 
always odd. Therefore, 2 cases are examined concerning 𝑘. If 𝑘 
is even then the two coil components are in phase, however if it 
is odd they are opposite and cancel out. On the other hand, if 𝑝 
is odd, then the 𝑛𝑝 is always odd. However, due to the 
subtraction of the two voltage components, the outcome, which 
depends on 𝑘, is the same as before. The analysis and outcomes 
are similar for the right hand side sidebands of (7). In summary, 
when there is a single couple of phase coils at 180 degrees apart, 
the demagnetization signatures are as follows: 
 
𝑓𝑑𝑚𝑔 = (𝑛 ±
2𝑙
𝑝
) 𝑓𝑠                                                                     (10) 
 
More stator coils will lead to further cancellation of fault 
signatures. One large family of machines have power of two 
numbers of phase coils. To examine that, a phase winding 
consisting of 4 coils is now considered. The coils are located at 
90 degrees apart from one another. Based on the previous 
analysis, the 4 coils will be first grouped in pairs. The first pair 
includes the coils at 0 and 180 degrees and the other the coils at 
90 and 270 degrees. Due to (9) and (10) the two pairs of coils 
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will get the following voltages induced on the left hand side of 
the fundamental: 
 
 Pair 1 (0° & 180°) 
∑ ∑𝑉𝑛𝑙 cos [− (𝑛 −
2𝑙
𝑝





                          (11) 
 
 Pair 2 (90° & 270°) 













where: 𝑘 = 2𝑙 and 𝑉𝑛𝑙 = 2𝑉𝑘𝑙 . 
Considering here, the case of an even pole pair number 𝑝 =




4𝑐, 𝑏 = 𝑒𝑣𝑒𝑛             
2(2𝑐 + 1), 𝑏 = 𝑜𝑑𝑑
                                                (13) 
 
Furthermore, 𝑙 can be even (= 2𝑞) or odd (= 2𝑞 + 1) as 
well. At this point there are four different combinations to be 
considered: 
 
1) if 𝑝 = 4𝑐 and 𝑙 = 2𝑞 
2) if 𝑝 = 4𝑐 and 𝑙 = 2𝑞 + 1 
3) if 𝑝 = 2(2𝑐 + 1) and 𝑙 = 2𝑞 
4) if 𝑝 = 2(2𝑐 + 1) and 𝑙 = 2𝑞 + 1 
 
Taking into consideration that the two voltage components 
(11) and (12) need to be added together for even pole pair 
numbers and subtracted for odd pole pair numbers, it is clear 
that: Combinations 1 and 3 make the signals (11) and (12) to be 
in phase, while combinations 2 and 4 lead them to cancel out. 
To summarize, when there are 4 phase coils at 90 degrees apart, 
the demagnetization signatures are identified as follows: 
 
𝑓𝑑𝑚𝑔 = (𝑛 ±
4𝑞
𝑝
)𝑓𝑠                                                                   (14)  
 
Following the same methodology, if 8 coils of a single phase 
are considered with 45 degrees spatial phase difference, we get: 
 
𝑓𝑑𝑚𝑔 = (𝑛 ±
8𝑟
𝑝
) 𝑓𝑠, 𝑞 = 2𝑟                                             (15) 
 
From the analysis above, it is now clear that the more pairs 
of coils in the machine, the more the cancelation of the 
demagnetization signatures. The general rule identified here is 
the following:  
 
𝒇𝒅𝒎𝒈𝟏 = (𝒏 ±
𝟐𝜹 ∙ 𝜺
𝒑
) 𝒇𝒔                                                           (16) 
 
where 𝛿 is equal to the binary logarithm of the number of phase 
coils and  is any integer number. It is crucial to mention that, 
if 2𝛿 = 𝑝, then the machine does not produce any 
demagnetization signatures in the stator current around the 
fundamental, thus the MCSA will lead to a false negative 
diagnostic outcome.   
B. Harmonic Cancellation due to the Three Phase System 
So far, it has been shown that, specific locations lead to the 
cancellation of specific fault signatures. Despite that, PM 
machines have three phases and the phases themselves have a 
spatial phase difference of 120 degrees. Moreover, the phases 
are electrically connected to each other. The logical assumption 
is therefore that in a 3-phase winding, it is possible that more 
signatures are cancelled out due to the spatial phase difference 
between coils of different phases. How this happens is the main 
question to be answered in this paragraph.  
To begin with, a system of 3 coils placed with a spatial phase 
difference of 120 degrees is examined. Each coil belongs to a 
different phase and the phases are connected in Y or ∆. Each 
phase is supplying an equal resistive load. The sum of the three 
voltages is zero, therefore each phase voltage is equal to the 
negative sum of the other two. However, it is important to 
notice that due to the spatial phase difference of 120 degrees, 
the induced voltages in the two phases have opposite signs. 
Therefore, the left hand side demagnetization components of 

















cos [(𝑛𝑝 − 𝑘) (−
2𝜋
3
) − (𝑛 −
𝑘
𝑝
)𝜔𝑠𝑡 − 𝜑𝑛]                       (17) 
 
After changing the signs in the second term and applying 
trigonometric identities, equation (17) is transformed into: 
 








×                  
 
sin [− (𝑛 −
𝑘
𝑝
)𝜔𝑠𝑡 − 𝜑𝑛]                                                         (18) 
 





= 𝜆𝜋, 𝜆 ∈ ℤ ⇒ 𝑘 = 𝑛𝑝 −
3𝜆
2
                           (19) 
 
At this point it is important to note that, 𝜆 can be any integer 
number. Despite that, 𝑘 ∈ ℕ therefore only even values of 𝜆 are 
of meaning. So, if 𝜆 = 2𝜆′: 
 
𝑘 = 𝑛𝑝 − 3𝜆′                                                                                (20) 
 
So, when 𝑘 obeys to (20), equation (17) is zero and the 
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respective demagnetization signatures cancel out from the 
reference phase at 0 degrees. More specifically, after 
substitution of (20) into (8) we get: 
 
∑ ∑ 𝑉𝑛𝑘 cos [−(𝑛 −
𝑛𝑝 − 3𝜆′
𝑝







 ∑ ∑ 𝑉𝑛𝑘 cos (
3𝜆′
𝑝







Equation (21) demonstrates that signatures that are triple 
multiples of the mechanical frequency cancel out in the stator 
current, when all three phases are considered in a PM machine, 
where each phase consists of a single coil.  
Now if each phase consists of more coils, the methodology 
is similar. More coils simply means an electrical phase 
difference of 120 degrees between the phases. Therefore, if 𝛾 
the number of each phase coils, then the demagnetization 
impact on each phase is: 
 
𝑉3𝑝ℎ_𝑑𝑚𝑔 = 













cos [(𝑛𝑝 − 𝑘) (−
2𝜋
3𝛾
) − (𝑛 −
𝑘
𝑝
)𝜔𝑠𝑡 − 𝜑𝑛]                      (22) 
 
Following a similar methodology to the case of a single coil, 
equation (22) leads to the conclusion that the number of phase 






𝒇𝒔                                                               (23) 
 
Equation (23) practically means that, for a machine with 2 coils 
per phase the sixth multiples of the mechanical frequency will 
not exist in a 3-phase PM generator suffering from 
demagnetization. If the phase coils are 4, the twelfth multiples 
of the mechanical frequency cancel out etc. 
IV. IMPACT OF DEMAGNETIZATION ON MACHINES WITH ODD 
NUMBERS OF COILS  
As it is not possible to cover every possible topology in 
detail, this paragraph will focus on the most common case 
which is that of machines where the coils of every phase are 
repeated 3 times around the circumference.  In such machines, 
the behavior of the demagnetization will be studied after 
grouping the coils in teams of 3 coils at 120 degrees.  
In this case, the three phase coils will get the same EMF 
induced, however by a phase difference 120 degrees. As a 
result, the left hand side demagnetization harmonics of the three 
connected coils will be: 
𝑉3𝑐_𝑑𝑚𝑔 = ∑ ∑ 𝑉𝑛𝑘 cos [− (𝑛 −
𝑘
𝑝


















∑ ∑ 𝑉𝑛𝑘 cos [(𝑛𝑝 − 𝑘) (−
2𝜋
3
) − (𝑛 −
𝑘
𝑝








From Eq. (24) it becomes clear that those harmonics will 
always cancel out when: 
 
𝑛𝑝 − 𝑘 = {
2           
6 ± 1  
, ∈ ℤ                                                         (25) 
 
(25) ⇒ 𝑘 = {
𝑛𝑝 − 2           
𝑛𝑝 − 6 ± 1  
                                                      (26) 
 
Since the components described by (26) disappear, it is 
evident that each phase produces signatures of the 
demagnetization fault at frequencies:  
 
𝒇𝒅𝒎𝒈𝟐 = (𝒏 ±
𝟑𝜿
𝒑
) 𝒇𝒔, 𝜿 ∈ ℤ                                                   (27) 
 
There is of course further cancellation of demagnetization 
harmonics due to the 3-phase winding. Those are adequately 
described by the earlier calculated equation (23) which takes 
into consideration the electrical phase angle difference.  
V. NUMERICAL AND EXPERIMENTAL ANALYSIS  
In order to verify the above analytical investigation, 
extensive FEA simulations have been carried out with different 
PM electrical machines. An effort was made to select 
representative machines to allow for generalization of this 
paper’s conclusions. Therefore, the selected machines are axial 
and radial, with different numbers of poles and stator windings. 
The presentation of the results has been organized as follows. 
Firstly, a multi-pole PM generator will be presented allowing 
the parametric evaluation of the calculated formulae under 
different numbers of stator coils. Then results from another 2 
and completely different machines in terms of poles and stator 
coil numbers will be presented. The PM material is the N42 
NdFeB and its B-H characteristic for healthy and demagnetized 
states are shown in Fig. 1.  
 




Fig. 1. Te B-H magnetic characteristic of the N42 NdFeB under healthy and 
demagnetized states.  
A. Parametric Analysis of a Radial Flux C-GEN PM 
Generator (8 stator coils per phase and 16 pole pairs)   
The main parametric model which has been used for the 
analysis represents a C-GEN PM generator for marine energy 
harvesting. The machine is a radial flux one with two rotors. 
There are two main reasons behind the selection of this 
particular machine for this investigation. Firstly, the numerical 
model of the generator has been experimentally verified in the 
lab. Secondly, this generator has a significant number of poles 
(32) due to its inherently very low rotor speed, which is ideal 
for a parametric investigation on the impact of the coils 
numbers. The real generator, the magnetic flux distribution 
under healthy conditions and under partial demagnetization 
fault under steady state are depicted in Fig. 2. The location of 
the demagnetized magnet is indicated with a white arrow. 
Moreover, the characteristics of the generator are shown in 
Table I. Furthermore, the results from experimental testing and 




                   a)                                                      b) 
 
c) 
Fig. 2. a) The real C-GEN PM generator in the lab and the magnetic flux density 




The generator has been simulated under healthy condition 
and under partial demagnetization. The demagnetization has 
been introduced in two opposite magnets and their level is set 
to 60% for all cases.  
Two sets of simulations have been carried out. The first set 
aims to study the impact of demagnetization on an isolated 
single phase, while the second set aims for the 3-phase machine. 
Both sets consider the machine with a single coil, two coils 
(180°), 4 coils (90°) and 8 coils (45°) per phase.   
The simulation results are summarized in the following Fig. 
3 and Fig. 4 where the stator current spectra are illustrated for 
every case while at steady state. When a single phase is 
considered and consists of a single coil, all multiples of the 
mechanical frequency exist in the stator current (Fig. 3-a). 
However, when 3 phases exist and according to equation (21) 
the triple multiples of the mechanical frequency harmonic do 
not exist. Moreover, when 2 coils of a single phase exist at 180° 
(Fig. 3-b), all odd multiples of the mechanical frequency 
disappear as predicted by equation (16). Additionally, when 3 
phases, of two coils each, exist, further cancellation of 
harmonics located at sixth multiples of the mechanical 
frequency is observed, obeying to equation (23) because in this 
case 𝑝′ = 2 (Fig. 4-b). 
Increasing the number of phase coils further leads to less 
demagnetization signatures. According to equation (14), only 
quadruple multiples of the mechanical frequency are expected 
for 4 coils per phase, which indeed happens in Fig. 3-c. 
Similarly, if the coils are 8 (Fig. 3-d), there are only two fault 
signatures located at 𝑓𝑠 ±
𝑓𝑠
2
, in accordance to equation (15). 
However, when all three phases are considered some of those 
harmonics disappear. Specifically, 𝑝′ = 4 and 𝑝′ = 8 for 4 and 
8 coils per phase respectively. Therefore, in the former case, 
harmonics located at multiples of twelve the mechanical 
frequency disappear (Fig. 4-c). Moreover, if the phase coils are 
8, cancellation of the multiples of 24 the mechanical frequency 




 which cancels out (Fig. 4-d) leaving only the left hand 
side one to reveal the demagnetization fault. To allow for an 
easier overview of the fault signatures’ locations Tables III and 
IV are presented below.  
TABLE II 
FEA AND TESTING RESULTS 
Variable FEA Experiment 
Phase voltage (V) 304.3 306.7 
Stator current (A) 17.39 17.41 
Torque (Nm) 1547 1575 
Output Power (kW) 15.9 15.4 




CHARACTERISTICS OF THE C-GEN PM GENERATOR 
Rated power  21.5 kW 
Rated speed 100 rpm 
Stator Coreless 
Frequency 26.67 Hz 
Pole pairs 16 
Stator coils 24 x single concentrated 
Stator coil turns 205 
Magnet material N42 recoil NdFeB 
 
 











Fig. 3.  FFT of the stator current of a PM generator with partial demagnetization 
at steady state as a function of the number of coils of a single phase: a) 1 coil, 















Fig. 4.  FFT of the stator current of a PM generator with partial demagnetization 
at steady state as a function of the number of coils of a machine with 3 phases: 
a) 1 coil, b) 2coils, c) 4 coils and d) 8 coils.   
 
TABLE III 
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B. The Case of an Axial Flux PM Generator (3 stator coils 
per phase and 6 pole pairs)   
To further validate the analytical findings, a double rotor, 
axial flux PM generator with 3 stator coils per phase and 12 
magnetic poles has been studied. This particular machine falls 
under the investigation of paragraph V, as it has odd number of 
phase coils and specifically 3. The generator has been simulated 
with FEA and the model is shown in the following Fig. 4. The 
magnetic flux density distribution under healthy and faulty 
conditions are also shown. The generator has been simulated 
under healthy condition and under partial demagnetization fault 
on one magnet and with fault severity level of 35%.  
The stator current spectra have been calculated and presented 
in Fig. 5 for healthy and faulty operation at steady state. It is 
clear that the partial demagnetization fault leads to the 
appearance of strong harmonics at 0.5𝑓𝑠, 2.5𝑓𝑠 and 3.5𝑓𝑠 
(marked with arrows). Those signatures are the outcome of the 
combined effect of equations (23) and (27). Since this particular 
machine has an odd stator coil number as well as a multiple of 
3, all demagnetization harmonics but the triple multiples of the 
mechanical frequency will disappear. Therefore, on the 
fundamental’s left hand side, only the 3rd multiple of the 
mechanical frequency is expected to appear. Since the number 
of pole pairs is 6, this leads to the signature at 0.5𝑓𝑠. Despite 
that, the right hand signature at 1.5𝑓𝑠 is cancelled due to the 
three phase stator connection, obeying to equation (23) for 𝛾 =
3. The signatures at 2.5𝑓𝑠 and 3.5𝑓𝑠 originate from equation (27) 
as well because they are both triple multiples of the mechanical 
frequency. Moreover, they are not multiples of 9 and therefore 
they are excluded from cancellation due to equation (23).  
 
 
                                        a)                                                            b) 
 
                              c)                                           d) 
Fig. 4. a) The FEA model of the axial flux PM generator with 3 coils per phase 
and 6 pole pairs, b) the real machine and the magnetic flux distribution under: 






Fig. 5. Stator current spectra of an axial flux PM generator with 3 coils per 
phase and 6 pole pairs: a) healthy and b) faulty with partial demagnetization. 
 
This machine has been tested experimentally under healthy 
conditions and under 50% demagnetization fault. The test rig is 
shown in Fig. 6. The PM generator is rotated by an induction 
motor fed by an inverter. The generator feeds into a 
symmetrical 3-phase ohmic load. The stator currents are 




Fig. 6. The test rig to measure the healthy and faulty AFPM generator with 3 
coils per phase and 6 pole pairs. 
 
The spectra of the stator currents at steady state are shown in 
the following Fig. 7. The three signatures, predicted by FEA 
earlier, at 0.5𝑓𝑠, 2.5𝑓𝑠 and 3.5𝑓𝑠 increase in amplitude in the 
faulty machine (marked with arrows). More specifically, the 
0.5𝑓𝑠 component’s amplitude is -29.2 dB, the 2.5𝑓𝑠 one is at -
40.9 dB and the 3.5𝑓𝑠 is at -53.6 dB. The amplitude increase 
compared to the healthy state is approximately 15 dB for all 
three signatures. The experimental results verify the analytical 
calculations and simulation results satisfactorily.  
 







Fig. 7. Frequency spectra of the stator current at steady state extracted from the 
AFPM generator with 3 coils per phase and 6 pole pairs under: a) healthy state 
and b) 50% partial demagnetization fault.   
C. The Case of an Axial Flux C-GEN PM Generator (12 
stator coils per phase and 24 pole pairs)   
The final case of this paper is that of an axial flux PM 
generator with 12 coils per phase and 48 poles (Fig. 8). It is an 
interesting case because it combines the characteristics of the 
previous two studied cases. That is because it has coils at 180 
degrees apart and at the same time the number of coils is a 
multiple of 3. Therefore, the combined effect of equations (16), 
(23) and (27) is expected to act in the generation or cancellation 
of the demagnetization harmonics of the stator current. 
 
 
                      a)                                                         b) 
 
                         c)                                         d) 
Fig. 8. a) The FEA model of the axial flux PM generator with 12 coils per phase 
and 24 pole pairs, b) the real machine and the magnetic flux distribution under: 
c) healthy and d) faulty condition. 
 
Since, 𝑝 = 24, each coil on its own will produce all multiples 
of the mechanical frequency 𝜈 ∙ (
𝑓𝑠
𝑝⁄ ) , 𝜈 ∈ ℤ as sidebands to 
the fundamental stator current harmonic. However, each phase 
consists of 12 coils. 12 is a multiple of 4 and 3. Therefore, 
according to equation (16), the first couple of coils at 180 
degrees will cancel out the odd multiples of the mechanical 
frequency while the second couple at 90 and 270 degrees will 
cancel all even multiples of 2 and an odd number. This 
harmonic cancellation leaves only signatures multiples of 4 and 
therefore 𝜈 ∈ (4,8,12,16,20) on the left of the fundamental.  
However, the number of phase coils is also a multiple of 3. 
Therefore, according to equation (23), all demagnetization 
signatures, but the multiples of three, cancel out from the 
spectrum. From the 5 possible values of 𝜈, only one is a multiple 
of 3. All others cancel out. So, the only signature that this 
machine is expected to have on the left of the fundamental of 
the stator current is the 𝑓𝑠 −
12𝑓𝑠
24
= 0.5𝑓𝑠.  
The approach is similar for the signatures to the right of the 
fundamental. There is only one fault signature between 𝑓𝑠 and 
2𝑓𝑠 considering the simultaneous effect of equations (16) and 
(23) and this is the 𝑓𝑠 +
36𝑓𝑠
24
, since 36 is multiple of both 3 and 
4. However, the application of equation (27) forces the 
cancelation of multiples of 36 from the current spectrum. 
Therefore, no mechanical frequency related signatures are 
expected on the right hand side of the fundamental. A closer 
look though reveals that the second harmonic of the current is 
the 48th multiple of the mechanical frequency and 48 is multiple 
of 3 and 4 while not a multiple of 36. So, the amplitude of the 
2𝑓𝑠 harmonic is expected to increase due to the demagnetization 
fault. This is an interesting result since the increase of the 
second current harmonic has been associated with stator faults 
and imbalances of the three phase winding such as inter-turn 
faults, supply imbalance, high resistance connections etc. This 
is the first time that this signature is directly associated with 
faults originating from the rotor.  
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The results from the numerical analysis are most satisfying 
as shown below (Fig. 9). As predicted by the analytical 
formulae, the 0.5𝑓𝑠 and 2𝑓𝑠 harmonics increase when there is 
partial demagnetization in the machine with 12 coils/phase and 






Fig. 9. Stator current spectra of an axial flux PM generator with 12 coils per 
phase and 24 pole pairs: a) healthy and b) faulty with partial demagnetization. 
VI. CONCLUSION 
The paper presents an analytical investigation of the partial 
demagnetization harmonics expected in the stator current of PM 
machines as a function of the numbers of poles and coils per 
phase. It has been proved that the expected harmonics mainly 
depend on the number of phase coils, which when increases 
leads to less signatures in the stator current spectra. The useful 
flux direction does not play any role and the analytical 
investigation is valid for both radial and axial flux PM 
machines. Furthermore, the 3-phase connection between the 
phases leads to additional cancellation of fault signatures. The 
analytical investigation has been fully verified with extensive 
FEA simulations for the case of three different PM generators 
selected to generalize the proposed methodology. Considering 
that multiple rotor faults of PM machines are expressed as 
functions of the mechanical frequency (eccentricity, 
misalignment, bearing faults etc.), identification of the 
harmonics’ origin is of the outmost importance to plan remedy 
actions accordingly and before a catastrophic machine 
breakdown. Moreover, the paper’s findings suggest that the 
second stator current harmonic may be demagnetization related, 
a finding that poses a new challenge; that of discriminating 
stator faults from rotor demagnetizations ones. To conclude, 
this paper’s original contribution aims towards the reliable 
identification of the demagnetization as a function of the 
machine’s manufacturing parameters and characteristics. 
Future work will focus on the identification of the partial 
demagnetization in PM machines with distributed windings.  
APPENDIX 
 
The parameters ℎ𝑃𝑀, 𝑡𝑤 and 𝑔 in the radial flux machine required for the 
calculation of 𝛼, 𝛽(𝐷) and 𝛾(𝐷). 
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